Abstract. Cold spray technology is used to produce metal coatings with a variety of functions, including surface corrosion protection, improvement of wear resistance, etc. Cold sprayed materials exhibit a wide range of behaviours resulting in large variation of spraying efficiency, coating properties, quality and performance in service. Residual stress, being a result and attribute of the deposition process, can be studied to test whether the coating is in tension/compression stress state and also to provide information about the thermo-mechanical history of the material during the deposition process. Residual stress distributions in a variety of coating materials have been studied by neutron diffraction. Through-thickness residual stress profiles show that the stress magnitude varies significantly and depends mainly on the mechanical properties of the coating material.
Introduction
The cold spray process [1] is a relatively recent technique for deposition of materials in the solid state. In contrast with more traditional thermal spray processes that deposit molten materials, the cold spray process relies on the kinetic impact of the powder particle impinging onto the substrate to provide metallurgical bonding of the particle on the surface. Good quality of the metallic bonding enables the build-up of coatings with high quality and performance. High particle velocities are required to achieve this, and different nozzle systems have been developed to accelerate the feedstock powders in the gas stream to speeds of ~500-1000 m/s. The physics of the particle impact and coating build-up is complex; it is characterized by high impact pressures (up to 10 GPa), high strain rates (~10 7 s -1 ), large plastic strains (~50%), and high temperature gradients (with local temperature possibly above melting). The nature of the metallic bonding and the role of process parameters and material properties has been discussed previously [1] [2] [3] , but is far from being fully understood. Large plastic deformations, associated with particle impact generate residual stresses during deposition. The resulting residual stress is usually compressive due to the dominance of the peening process, when the metal particles deform on impact [4] . This is of high practical importance because the compressive residual stress provides beneficial conditions to mitigate crack initiation or propagation. Studying residual stress in cold spray coatings can establish a link between material properties and spraying parameters. This would enable effective residual stress control and tailoring properties of the cold spray coatings. A series of cold spray coating samples were studied. The macroscopic material properties were characterised, and the residual stress was measured using neutron diffraction. By employing two cold spray methods, sonic and supersonic, distinct in particle velocities, the connection of the residual stresses in the coatings to plastic properties and spraying process parameters has been clarified.
Experimental

Cold spray procedure and process
The two commercially-available cold spray systems were used to produce coating samples in this study. The Kinetic Metallization (KM) system (Inovati, USA) uses a convergent barrel nozzle that operated under choked flow conditions, and the gas speed is ~Mach 1 through the nozzle throat and barrel; Both He and N 2 gas were used, with Helium giving higher particle speeds due to its higher sonic velocity. The other cold spray system used was a CGT Kinetiks 4000 cold spray system (Cold Gas Technologies, Germany). This system uses a convergent-divergent nozzle and although only N 2 was used, it produces a supersonic gas speed beyond the nozzle throat (>Mach 2), due to the nozzle divergence and higher gas driving pressure. The spray process parameters used for production of the coatings in this study are given in Table 1 , with the two systems referred as KM and CGT, respectively. All samples were sprayed on the same copper substrate. Electrolytic quality copper plates, 30x30 mm 2 in size and of slightly variable thickness, ~3.0 mm, were cleaned with 1200 grit SiC paper and rinsed with ethanol before spraying. Commercially pure powders with particle size 10-15 µm (with Co powder being exception) were used for sample production by both methods (Table 1 ). 
Coating characterization and properties measurements
The metallographic analysis in the cross-sections parallel and transverse to the spray direction were used for microstructure assessment and evaluation of the average plastic strain of the particles. Although this technique is far from accurate, this is the only direct measure of the plastic average overall deformation. For such evaluation, the deformed particle shapes were fit to ellipses, and assuming that initially particles had spherical shapes, the average plastic strain was calculated from the ellipsoid of revolution's aspect ratio. For the purpose of statistical reliability, multiple measurements were taken (>50) for each sample cross-section. The coatings' density and Young's modulus are of the most interest because both are quantitative measures of defect structure in sprayed material and therefore characterize quality of the coating in general. Specimens were cut from the coating materials in the shape of a bar with high tolerance of flatness and squareness. They were used to determine density by measuring the volume of bars and their mass, and to measure Young's modulus using the impulse excitation technique.
Neutron diffraction stress measurements
The residual strain measurements were carried out on the KOWARI strain scanner (ANSTO, Australia) [5] , in profiles through coating thickness and through the substrate. The wavelength of the monochromatic neutron beam was adjusted in such a way to provide close to a 90° scattering geometry for better localization of the gauge volume. The gauge volume size was varied slightly to accommodate different sample thicknesses, and different materials. A summary of the measurement conditions is given in Table 2 . To separate pre-existing residual stresses in the substrate from those arising from the deposition process, the stress distribution was measured in an uncoated Cu substrate only sample, and the resultant stress profile was subtracted from the measured profiles in the coated samples. Experimentally obtained stress profiles were further processed by fitting them using the progressive coating deposition model of Tsui and Clyne [6] . The procedure to apply this model to cold spray coatings was established and demonstrated earlier [7] , and used here with no modifications. The key idea of using the model is that the whole through-thickness stress profile can be expressed in terms of only two values: one, the deposition stress σ d , is the stress in the deposited layer that is attributed to the spray process, and the other, the thermal misfit term ∆ε th = ∆α·∆T, is due to the difference of thermal expansion between coating and substrate materials ∆α, when the temperature drops by a value ∆T after spraying. The other input parameters in the model are the thicknesses and elastic constants (Young's modulus and Poisson ratio) of the coating and substrate materials, and these were determined experimentally. 
Results and discussion
Cold spray material properties
The density and Young's modulus of the coatings are given in Figure 1 as a percentage of their equivalent bulk values. Density, being a measure of the coating's volume porosity, reaches value of ~90% on average while YM demonstrates more modest numbers because it is sensitive not only to the porosity, but also to the grain-to-grain contact quality (cohesion). It is evident from Figure 1 that the CGT coatings demonstrate consistently better properties than the KM coatings. This confirms that the CGT process creates microstructures with less porosity and better particle adhesion. 
Residual stress analysis
The residual stress profiles measured in the neutron diffraction experiments are shown in Fig. 2 for only two samples, to demonstrate the form of the experimental data obtained, as well as the typical quality of the stress profile fitting procedure. The purpose of the fitting procedure is twofold: it provides experimental data compression, and it provides an automatic stress balance check. Data analysis and the elastic model fitting results, in terms of the two model parameters σ d and ∆ε th , are summarised as a diagram in Fig. 3 for multiple coatings.
The thermal mismatch (Fig. 3b) demonstrates a strong correlation with the product ∆α·∆T. While thermal misfit depends on the relative difference in substrate/coating thermal expansion and thicknesses, the analysis of the stress deposition parameter is more important because it characterizes the spraying process itself. There are several observations to mention. First, Fig. 3a demonstrates that the deposition stress is always compressive, which is a general characteristic of cold spray coatings. The exception is when the residual stress is close to zero, in which case it can be slightly tensile due to statistical uncertainties. This result confirms the peening nature of the stress. Second, the observed effect is similar for the slightly higher velocity CGT process than for KM. In fact, more detailed analysis of data shows no correlation with temperature/velocity spraying parameters (e.g. reported in Table 1 ). Third, the only strong correlation is to the mechanical properties of the material itself: the smallest stress is found in plastically soft Zn, Al, Ti and Fe, while the highest values are displayed by Ni and 316SS. However, one would expect a complex interplay of numerous factors that can affect residual stress accumulation, which can make the former assumption invalid. This can include strain and temperature dependent plasticity, effects of dynamic recrystallization and stress relaxation due to localized heating, heat transfer and dissipation specific to materials, and particle size effects.
To demonstrate the correlation between the deposition stress and material plasticity even further, all of the described effects were essentially eliminated by spraying different Al alloys in very similar conditions. In this case all thermal, kinetic and elastic effects are the same, while plastic properties differ widely. The correlation between the deposition stress and the yield stress is shown in Fig. 4 . 
Conclusions
The cold spray process has been used to produce coatings of various materials on a copper substrate. Two processes were used for spraying, KM and CGT, which provide different particle impact velocities. The through-thickness residual stresses profiles have been measured using neutron diffraction in high spatial resolution experiments. The experimental residual stress distributions were treated using a progressive deposition model, to compress the data and to separate the plastic and thermal components. It was demonstrated that the deposition residual stresses are compressive, they are determined mainly by plastic deformation (peening) from the impact process, and the effect varies widely for different materials. The correlation of the deposition stress and a material's plastic properties (yield stress) was established, while relevance to other spraying parameters was weak and not pronounced. 
